In this paper, ionic gelation method was adopted to produce nanocapsules (CNs) encapsulated tuberose fragrance with chitosan (CS) and sodium tripolyphosphate (TPP) as wall materials. The effects of CS/TPP mass ratio, pH value of CS solution, molecular mass of CS and tuberose fragrance (TF) concentration on particle size and particle size distribution (PDI) of chitosan nanocapsules encapsulated tuberose fragrance (CNTs) were investigated systematically. CNTs were characterized by dynamic light scattering (DLS), scanning electron microscopy (SEM), Fourier transforms infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analyzer (TGA) and differential scanning calorimetry (DSC). The results showed that CNTs were successfully prepared. The optimum preparation conditions were as follows: CS/TPP mass ratio 5:1, pH of CS solution 4.0, and molecular mass of CS 150 kda. CNTs emulsions were also systematically investigated by steady-state shear and oscillatory shear measurements respectively. The rheological behaviors of CNTs were obtained.
INTRODUCTION
Microencapsulation is a technique of packing the sensitive ingredients within a coating or wall material (usually polymers) to protect them from physico-chemical effects of the surrounding medium 1 . Nanocapsule is a new kind of microcapsule with nanometer size. Polymer nanocapsules compared with the ordinary microcapsule has special advantages and unique properties, and has received much attention of scholars 2, 3 . Because particle size is small, nanoparticles is easy to disperse, and has more broad application prospects than traditional microcapsules. Nanoencapsulation can entrap liquid fragrance in a capsule or membrane, and physically separate the substance from the deteriorating circumstance, so it can solve the problems that liquid fragrance is highly volatile and chemically labile as a result of oxidation, chemical interactions, or volatilization in the presence of oxygen, light, water and heat 4 . Chitosan, a natural plentiful biopolymer obtained by chitin deacetylation, mainly consists of the repeating unit of 2-amino-and 2-acetamido-2--deoxy-β-D-glucopyranose. Due to its unique properties such as favorable biological properties 5 , antimicrobial activity 6 , low toxicity, biodegradability 7 and proper mucoadhesive properties 8 , Chitosan has been extensively applied in various fi elds, such as biotechnology 9 , food ingredients 10 , pharmaceuticals 11 , waste water treatment 12 and cosmetics 13 . Sodium tripolyphosphate is an anionic cross-linker. It exhibits non-toxicity and quick gelling ability that make it a favorable cross-linker for ionic gelation of chitosan. TPP affords electrostatic binding via ionic interactions between the positively charged amino groups of chitosan and the negatively charged counter ions of TPP 14, 15 . There are many kinds of preparation methods of nanocapsules, however, the ionic gelation method is simple, mild, scalable, low cost, organic solventfree and reproducible to obtain nanocapsulation. In this paper, ionic gelation method was adopted to produce CNs encapsulated tuberose fragrance with chitosan CS and TPP as wall materials.
Nanofl uids 16 are two-phase mixtures composed of very fi ne particles in suspension in a continuous and saturated liquid (water, ethylene glycol, engine oil) 17 . Bulk rheological properties of nanofl uids (shear viscosity and complex modulus 18 can be important factors for some applications 19 . Rheology is the science concerns with the fl ow and deformation characteristics of liquid or semi--solid materials under an applied force, in particular, to their behaviors in the transient area between solids and fl uids. Moreover, rheology attempts to defi ne a relationship between the stress acting on a given material and the resulting deformation and/or fl ow that takes place. The rheology has acquired broad applications in numerous fi elds including food, cosmetics, perfumery and paint industry. Besides, rheological data provide information related to fl ow behavior of liquid or semi-solid material and are used in quality control, energy calculation for process control and equipment selection in the industry. The rheological behavior has signifi cance to nanofl uids stability and fl ow behavior 20 . Many research efforts reveal that the particle size of nanofl uids infl uence its rheological properties to a large extent 21 . Because of the infl uence of reaction conditions in the process of preparation, the rheological properties of nanocapsules emulsion system are different. Although there are a large body of rheology literatures on suspensions and/or colloids 22 , There is a very small amount of work dedicated to the rheological behavior of nanocapsule emulsion. In this paper, the method of study on the rheological properties of the suspensions and/or colloids was adopted to investigate the rheological properties of nanocapsule emulsion. The relationship between the rheological properties and particle size of nanocapsules was investigated.
MATERIAL AND METHODS

Material
Chitosan (average molecular weight: 50 kda, 150 kda, 450 kda, degree of deacetylation 90%) was purchased from Golden-Shell Biochemical Co., Ltd. (Yuhuan, Zhejiang, China). Sodium tripolyphosphate, sorbitan monostearate (Span 60), and polyoxyethylenesorbitan trioleate (Tween 80) was purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All the above reagents used were of analytical grade. Tuberose fragrance was blended in our laboratory.
Preparation of nanocapsule emulsion
CS and TPP were adopted as wall materials. CNTs were prepared in oil/water (o/w) emulsion using the ionic gelation method. The production steps of CNTs emulsion were as follows: CS was dissolved in 1% (w/w) acetic acid aqueous solution and was ultrasonicated at 800 W for 10 min using ultrasonic cell disruptor (JY92-2D). Then, sodium hydroxide aqueous solution was added gradually to adjust the pH in the range of 3.5 to 5.5, and to form wall material solution. Mixtures of TF (0.2, 0.4, 0.6, 0.8%), emulsifi er (0.03% Span60 and 0.17% Tween 80 ) and TPP aqueous solution were ultrasonicated at 800 W for 10 min using ultrasonic cell disruptor (JY92--2D) to form core material emulsion. The core material emulsion was added dropwise to wall material solution at a rate of 1 drop/3 second using peristaltic pump. At the same time, wall material solution was stirred at a rate of 800 rpm throughout the process. The concentration of wall material ( CS/TPP mass ratios ranging from 3:1 to 8:1) was 0.18%. The mixture was stirred at 800 rpm for further 30 min by magnetic stirring.
Dynamic light scattering
The particle size and the polydispersity index (PDI) of CNTs were determined by Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Each sample measurement was done via a solid state He-Ne laser of 633.0 nm at 25°C with an angle detection of 90°. All of the measurements were performed in triplicate, and the results are reported in terms of mean diameter ± SD.
Scanning electron microscopy
Scanning electron microscopy was used to investigate the morphology of nanocapsules. The SEM analysis of the microspheres was carried out by using a Hitachi S--3400N scanning electronic microscope (Hitachi, Japan) at an accelerated voltage of 15 kV under high vacuum. One drop of the nanoparticle emulsion was dropped on the mental stub which was covered with double sided tape. Nanoparticle samples were coated with gold sputter coater in a high vacuum evaporator 23 .
Fourier transforms infrared spectroscopy
The chemical structures of TF, CNTs and CNs were determined with a VERTEX 70 FTIR spectrophotometer (Bruker, Ettlingen, Germany) in the range from 4000 to 600 cm -1 . The interactions between TF, TPP and CS were characterized by the infrared spectra.
X-ray diffraction
XRD patterns of CNTs and CNs were obtained by an X-ray diffractiometer (PW3040/60, PANalytical B.V, Netherlands). The patterns were recorded in the region of 2θ from 5 to 80° with Cu-K α irradiation at 37.5 kV and 20 mA.
Thermogravimetric and differential scanning calorimetry diagram
Thermogravimetric characteristics of TF, CNTs and CNs were determined with a thermogravimetric analyser TGA-Q5000IR (TA Instruments, USA). About 5mg of microcapsule samples were weighed and heated at 10°C/ min from 20 to 800°C under a constant nitrogen fl ow (20 ml/min).
Rheological properties
AR-G2 Rheometer (TA Instrument, US) was used to measure rheological properties of CNTs emulsion. The measuring confi guration adopted was a concentric coaxial cylinder. Steady and dynamic rheology properties of CNTs emulsion were carried out at 25°C. Any heat generated by the shearing process was dissipated into the surrounding water bath.
Steady rheological measurements
In the steady shear measurement, a certain amount of CNTs emulsion was added in the interspace between concentric coaxial cylinders and allowed to come to thermal equilibrium for 3 min before rheological experiments were made. Data were collected by "stepped fl ow step" mode. The range of shear rate (S -1 ) was 0.001 ~ 1000. In logarithmic mode scanning, changing of apparent viscosity with the shear rate was determined.
Strain sweep measurement
The strain sweep experiment, in which an applied strain at one frequency was gradually increased, was performed for each particle size of the of nanocapsules emulsion to ensure operation in the linear viscoelastic region (LVR). The critical strain amplitude was fi rstly determined, typically 1-5% strain, and then a frequency sweep experiment was performed.
Frequency sweep measurement
The frequency sweep measurement was further carried out within LVR at 1% strain to obtain more precise information on emulsion stability. A certain amount of CNTs emulsion was added in the interspace between concentric coaxial cylinders and allowed to come to thermal equilibrium for 3 min before rheological experiments were made. Test temperature was set at 25°C. Data were collected by "frequency sweep step mode". The range of shear velocity (as variables) was 0.001 ~ 1000 rad/s. In logarithmic mode scanning, the complex modulus G*, the storage (or elastic) modulus G', and the loss (or viscous) modulus G'' were determined 24 .
RESULTS AND DISCUSSION
The particle size and particle size distribution
Effect of CS-TTP Mass Ratio
Different concentrations of CS and TPP were used to determine the optimum CS/TPP ratios (CS/TPP mass ratios ranging from 3:1 to 8:1). CS/TPP mass ratio signifi cantly infl uences the particle size and particle size distribution of CS-TPP nanoparticles. The changes of particle size and PDI with the increasing of CS/TPP mass ratio from 3:1 to 8:1 were shown in Figure 1 (a) . It appeared that the optimum CS/TPP ratio among these samples was 5:1. It is known that the ability of CS to quickly gel on contact with TPP relies on the formation of inter-and intramolecular crosslinking between the amino groups and the phosphate groups. As CS-TPP mass ratio declined from 5:1 to 3:1, the available quantity of TPP increased and the superfl uous TPP would link the monoparticles to form larger nanoparticles 25 . As CS-TPP mass ratio increased from 5:1 to 8:1, the formation of the linkage or aggregation of the nanoparticles might be caused.
Effect of pH Value of CS Solution
As a weak base polysaccharide, CS is insoluble at neutral and alkaline solutions. Figure 1(b) shows the effect of pH value of CS solution on size and PDI. The smallest particle sizes occurred at pH 4.0. The size decreased with the increase of pH values from 3.5 to 4.0. When the pH value is 3.5, a stronger intramolecular repulsion may be caused by the stronger protonation. This makes the CS chain stretch and results in larger nanoparticles. Afterward, the particle size increased as the pH value rose from 4.0 to 5.5. The comparatively weak interaction between CS and TPP led to the formation of larger nanoparticles 26 . However, the heterogeneity became higher and higher as pH increased, which may also be related to the CS solubility.
Effect of CS Molecular Mass
The particle size distributions obtained by DLS for different CS molecular mass are shown in Figure 1(c) . The data of particle size showed a trend of normal distribution. Distribution of particle size was monodispersity. The change of particle size with CS molecular mass was not obvious. With the increase of molecular mass, particle size had a tendency to increase. It can be presumed that the length of the CS molecule is too long to be sheared to degrade into small fragments engaged in the formation of CS-TPP nanoparticles.
Effect of TF Concentration
The particle size distributions obtained by DLS for different TF concentration are shown in Figure 1(d) . It indicates that the particle size increase with the increasing of TF concentration. The main reason for these results may be that a higher concentration of core material forms larger sized particles during emulsion process of core material, and promote the increase of the particle size of nanocapsules ultimately.
Particle Micromorphology
SEM was used to study the appearance of the nanocapsules. The SEM micrographs of nanocapsules were shown in Figure 2 . It showed that the nanocapsules almost were spherical in shape. Distribution of particle size was uniform comparatively.
FTIR analysis
The structure characteristics of the nanocapsules were determined through infrared spectrum. FTIR spectra of TF, CNTs and CNs were shown in Figure 3(a) . It showed that the specifi c absorption peaks of CNTs and CNs were very similar. Characteristic absorptions of sample cover the whole of 500~4000 cm -1 area. The bands at 2967 cm , 1727 cm −1 , 1270 cm −1 , 756 cm -1 and 697 cm -1 , represent characteristic absorptions of -OH, C-H, C=O, C-O and C-C stretching respectively. After TF was encapsulated, the characteristic absorption peaks at 1727 cm −1 and 1270 cm −1 disappeared, and the band at 1094 cm −1 appeared due to multiple absorption of P-O vibration and -NH 2 deformation stretching vibration. This was attributed to the crosslinking effect of phosphoric acid root and the protonation of amino 27 . Peak type of CNTs and CNs was similar. From the peak shape and peak position, it can be inferred that TF was encapsulated in the wall materials.
X-ray diffraction analysis
X-ray diffraction (XRD) experiment was carried out to gain an insight into the internal structure of the CNTs and CNs. The XRD of the CNTs and CNs were shown in Figure 3 
Thermal stability analysis
The TG curves of CNTs and CNs were shown in Figure 4(a). The weight loss of CNTs and CNs was about 4.71% from 30 to 157°C, which mainly due to evaporation 
The rheological properties comparative analysis
Steady rheological measurements
The viscosity variation of CNTs emulsion as a function of shear rate was shown in Figure 5 for different TF concentration.
As shown in Figure 5 , the apparent viscosity of CNTs emulsion decreases exponentially as a function of shear rate which indicated its non-Newtonian shear thinning (pseudoplastic) behavior. All the CNTs emulsions (TF concentrations are 0.2, 0.4, 0.6, and 0.8% respectively) followed the same trend, exhibiting the shear thinning property. CNTs emulsion was non-Newtonian and it was Newtonian only at high shear rate. Because the nanocapsules were dispersed disorderly in emulsion initially, nanoparticles were elongated along the fl ow direction under the action of shear fi eld. Due to the space rearrangement of nanocapsules happened in emulsion system, nanocapsules had a directional arrangement. Particle interaction of nanoparticles was reduced gradually, and energy consumption and the internal friction were decreased accordingly, so fl ow resistance and apparent viscosity reduced with increasing the shear rate, until stable.
The viscosity data asymptote to a value nearly a decade above the viscosity of water, independent of TF concentration can be observed. This is probably due to that all of the yielding has to do with breaking fl ocs, and the fi nal suspension has very close to the same volume fraction of a fi ne emulsion.
Furthermore, note that the results indicated that the decreasing trend of apparent viscosity and the increasing trends of particle size with the increase in TF concentration as showed Figure 1(d) . Now assuming that volume fraction was same for CNTs emulsion, the smaller the particle size, the more particles in CNTs emulsion. Interparticle spacing became narrow and gravitational potential energy between particles increased with the decrease of particle size. Due to the relative displacement between the particles is diffi cult, apparent viscosity showed upward trend with the decrease in particle size. According to the rheology theory of colloid, the higher the concentration of nanofl uids, its rheological behavior was deviating from the Newtonian fl uid; it means the greater particle size, the smaller slope of viscosity as a function of shear rate.
Strain sweep measurement
A representative rheogram, showing a linear viscoelastic region (LVR) obtained from a strain sweep experiment, is shown in Figure 6 . The dynamic strain sweep for determination of the linear viscoelastic (LVE) region of the emulsions was carried out at a fi xed frequency of 0.1-10%. Thereafter, a strain of 1% within the LVE region was selected for the dynamic frequency sweep measurements with the frequency range from 1 to 1000 rad/s. The frequency-dependent curves of G'' and G' were recorded.
Frequency sweep measurement
The dynamic rheological measurements were conducted to evaluate the change of the loss modulus and storage modulus at different oscillation frequency. As shown in Figure 7 , it clearly revealed that general change of the CNTs emulsion from viscous (G'' > G') at low oscillation frequency to moderately elastic (G' > G'') at high oscillation frequency, which indicated a little frequency dependence of both moduli. CNTs emulsions of different TF concentration are from viscous mainly into elastic with the increase of oscillation frequency. The turning points shift to the lower frequency with the increasing of TF concentration. Due to space rearrangement of nanocapsules was happened in emulsion system when oscillation frequency increased gradually, nanocapsules had a directional arrangement. Particle interaction of nanoparticles was reduced gradually, and energy consumption and the internal friction were decreased accordingly. So fl ow resistance and viscosity reduced. All the nanocapsules emulsions were from viscous states into elastic states with the increase of oscillation frequency, and only the turning point was in different frequency. The apparent viscous modulus declines with the rise in particle size, so the turning point shifts to the lower frequency with the increase of TF concentration. Furthermore, it can be observed from the Figure 8 that viscous modulus is basically constant and elastic modulus decreased with increasing of the TF concentration when the oscillation frequency is consistent.
CONCLUSION
In this work, chitosan nanocapsules encapsulated tuberose fragrances were successfully prepared in o/w emulsion via the ionic gelifi cation method. It is concluded that the formation of desirable CNTs is possible by controlling the critical fabricating parameters including CS/TPP mass ratio, pH value of CS Solution, CS molecular mass and TF concentration. The results show that optimum preparation conditions are as follows: CS/ TPP mass ratio 5:1, pH of CS solution 4.0, molecular mass of CS 150 kda. DLS results demonstrated that the distribution of CNTs was uniform comparatively. SEM showed that CNTs were spherical in shape. The results of FTIR and XRD proved that TF was encapsulated in CS and TPP. The thermal stability of CNTs and CNs was investigated by TGA and DSC.
CNTs emulsion was systematically investigated by steady-state shear and oscillatory shear measurements. Steady-state shear experiment results showed that with the increase of shear rate, CNTs emulsion take on shear-thinning behavior. The viscous modulus of CNTs emulsion decreases with the increase of the TF concentration. Nanoparticle size is of crucial importance 
